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I, lsozwLE Exp66URE HOuK3RApHIC INTBWEROME!l'RY WITH SEPARATE R m 6 E  BEAMS 

0. 8.  Ballard 

. -  Infroduction: 

A widely used method of holographic interferometry is the double exposure 

technique (1, 2, 3, 4). If two seta of  waves are recorded on the same hologram 

by meas of a double exposure, these waves w i l l  be reconstructed simultaneously 

and the i r  resulting interference can be observed. nie  advantaCres of obtsining 

interferograms i n  th i s  manner are w e l l  known. 

not requireti, the displacement of diffuse surfaces can be observed, a d  the 

Precise optical components are 

technique is w e l l  suited to the reeordiw of transient phenomena by u t i l i z ine  

a pulsed laser t o  form the hololrcrem. 

The usual method of obtaining a double exposure hologram for  interferometric 

studies is t o  c h w e  only the test scene between exposures. The same reference 

beam is usedthroughout. 

than tha t  requfred t o  record and reconptruct my hologram msde srith 851 off- 

axis reference beam. One disadvantage of t h i s  method is that  the reconstructions 

of the test scene and the com-perison beam are insepaxable, being liaked t o e t h e r  

by the camon reference beam. 

is obtained is determined by the conditions present during; the exposures and 

cannot be changed by the observer. 

features of the  test scene t o  the  best advant-e, possibly a serious problem 

when recording transient phenomena. 

This results i n  an arrangement which is no more caanplex 

The particular interferogram presentation which 

The interferomem may not Show the desired 

W i t h  the addition of several components, a typical off-axis hologram 
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arrangement can be modified in to  athree-Man system cansfs t iw of a sin&e 

object beam and two different reference banns. This would permit a typical 

dual exposure hologram to  be recorded, except that now a different reference 

beam can be used for each of the t w o  exposures, allowing the test scene and 

the comparison beam t o  be reconstructed independently. 

Various adjustments cw be matie between the two reconstructed beams, 

allowing plsny different interferometric presentations t o  be obtained from a 

single holo@ram. A small chme i n  the angle of one of the reconstructing 

beams can cause either a zero order or  a f inite  fringe interferogrem t o  be 

observed. 

i n  a relative phase s h i f t  between the two reconstructed beams, allowing 

the observed fringr;es t o  be displayed t o  the best advantwe. 

A phase shift induced i n  one of the reconstnrct%w beams results 

In addition, th i s  method may prove useful i n  the investigation of 

transient phenomena which result i n  less than a si@@ fringe b e i q  produced. 

I n  such tto. application, the camparison beam and an undisturbed portion of 

the test scene may be adjusted to  possess a desired phase relationship. 

!he relative phase of any portion o f t h e  test scene may now be detewned 

by csrefully measuring the shift necessary t o  brim the comparison beam 

i n t o  the  desired phase relationship w i t h  that  portion o f t h e  test scene 

being examined. 

Work Performed - 
Several hologmm~~ have been recorded using the separate reference beem 

method. Figure 1 illustrates 

test scene was recorded usim 
in beam 5 so that it did not 

the arraqvament of the components used. The 

beem Rx as a reference. A s tap  was placed 

illuminate the recordiw? mediuan. The test 
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object was then removed aud the comparison beam was recorded in the same 

manner, except that  beam 92 was used as the reference and beam R1 was stopped. 

The two reference angles, Ql and 82, must be selected so that unwanted recon- 

structed orders do not overlap the desired reconstruction. 

After processing, the hologram was  replaced in its original position. 

If it is illuminated by beam Rl alone, the original t e s t  scene beam is recon- 

structed. If R alone is used, t he  comparison beam is re-fomed. Illumin&ion 

by both R1and R2 simultaneously reconstructs both the test scene and comparison 

beaus, and an interferogrem is observed. 

and the two reference beems may be necessary t o  obta5n a zero order fnterferogram, 

In practice, t h i s  alignment has not proved d i f f icu l t  when parallel li@t 

is used t o  form the reference beams. 

beams can readfly be adJusted un t i l  the two reconstructions are coincident. 

The use of spherical wavefronts t o  form the reference beams, however, adds 

the problem that sny discrepency in the distance from the hologram t o  either 

reconstructing source w i l l  result i n  the formation of circular fringes, 

m a k i n g  alignment most difficult. 

2 

Some alignment of the hologram 

The angle between the  reconstructing 

The test object used i n  these experiments w a s  a microscope slide which 

produced an interesting fr iw pattern. The holograms were recorded on 

Kodak 6494 glass plates.  Since the hologram must be precisely aligned 

during reconstruction, the sass plates are preferable to  a film substrate. 

Figures 2 t h r o w  5 show several of the presentations which can be obtained 

frtan a single hologram. In Figure 2, the two reconstructiw beams have been 

a l igned to  result i n  a zero order interferogram of the subject. 

3, the  phase of the reconstructed comparison beam has been shifted 

In Figure 



-4- 

a@proxhately 180 aegrees w i t h  respect t o  the reconstructed test scene by 

inserting a proper thickness of glass in beam R before collimation. Figure 

3 also illustrates that phase sh i f t s  between the two reconstructedbeemas 
2 

may result i n  some detai ls  of the test scene, which were not apparent, becoming 

more noticeable. 

the hologram. 

Fini te  fringe interferog;r;ams are also obtainable from 

A horizontal change i n  t h e  angle of one of t4e reconstructing 

beams produced the ver t ica l  f i n i t e  fringes of F i w e  4. Similarly, a ver t ica l  

change i n  the reconstructing angle eave the horizontsl finite fringe interferq- 

gram i n  Figure 5 .  The orientatfon of the  f i n i t e  fringes as w e l l  as their 

spacing can be varied t o  any desired degree by a suitable movement of one 

of the reconstructing beams. 

The hologram used t o  obtain t h e  interferograms shown i n  the Figures 

was of a t ransparent  object directly illuminated by the collimated laser 

beam. Interferogram have also been obtained from holograms i n  which the 

object was illuminated with difPuse l ight ,  with similar results. 

I n  addition t o  the f l ex ib i l i t y  of presentation which has been demonstrated, 

this method of recording holographic interferograms should prove useful 

i n  evaluatin@: interferogram8 of transient phenomena which result i n  less 

than a single fringe being observed. One technique fo r  evaluating these 

interferograms can be explained as follows. 

area of the interferogram, perhaps near the edge where the test scene has 

not been altered by the disturbance under s 

at t h i s  locatton and ill\aninate the hologram with beam R1; alone, the photo- 

detector will pive a signal, proportional to  the  local  inkensity of the recon- 

structed test scene. 

Let u8 consider some small 

. If we place a photodetector 

This is represe d by It i n  Figsure 6.  ff now we were 
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t o  block off beam R1 and illurnlaate the  hologram wi th  R2 alone, our iEetector 

wou ld  give a signal proportional t o  the  intensity of the reconstructed comparison 

beam at the same point. This is represented by f c  i n  Figure 6. If we now 

illuminate the hologram w i t h  both beams Ri and Re, the intensity of l igh t  

at our detector w i l l  depend upon the relative phase of the two reconstructed 

beams. This phase 

If we now inser t  a 

mation, the output 

dependent intensity is represented by Is i n  Figure 6. 

chopper i n  beam R1 at a convenient place pr ior  t o  coll i-  

of our detector should be a square wave, as it sees 

only the conparison beam and then both beams together. 

the signal would be determined by the chopping rate ,  and i ts  emplitude would 

The frequency of 

depend upon the relat ive phase of the two beams. 

of these beams can be varied by the observer, it would be possible t o  adjust 

the relative phase un t i l  On i n  Figure 6 is reached. A t  this point, the a=c 

output of the detector w i l l  be nulled out as there is no difference between 

the two intensi t ies  being detected, Rather than using a thickness of glass 

such as was ut i l ized  t o  obtain Figures 2 and 3, a small c e l l  could be con- 

st ructed wherein the index of refraction of the c e l l  could be varied b;Jp 

changing t he  air pressure inside the cell ,  

n u l l  the  detector signal would be recorded, 

t o  an area of in te res t  in the  interferogram. 

point c ~ n  be nulled i n  the same manner as w s  done before. If t h i s  nu l l  

occurs at the same pressure as the  previous point, it w i l l  mean that  t h e  

two test points are i n  phase. 

w i l l  be different. 

phase difference between the two points i n  the test scene. 

Since the relat ive phase 

The ce l l  pressure necessary t o  

Now OUT detector c m  be moved 

!&e detector s ienal  at t h i s  

If' the  two points are not i n  phase the pressure 

This difference i n  pressure will be a masure of the 



I n  order t o  evaluate t h i s  technique, a test hologrcrm was reconstructed 

as shown in Figure 7. 

plate through which a 1 inch hole had been drilled. 

t o  both sides of the plate ,  forming a chamber 3/4 inch thick. 

made t o  vary the pressure inside the c e l l  by small Bmounts above and below 

atmospheric. The pressure inside the  chamber was measured by means of a m a m -  

meter u t i l i z ing  dibutyl phthialate as a liquid. It was  determined experiment-. 

a l ly  that  a pressure change of 120 centimeters of manometer f lutd was required 

t o  change the relative phase of the two reconstructed beams 360 degrees with 

the  particular chamber thickness used. 

i n  the  chamber corresponds to  a phase sh i f t  of 1/120 of a fringe. 

The phase shif'tine; cell consisted of a 3/4 inch aluminum 

Windows were attached 

Provision w a s  

Thus, each centimeter change of pressure 

By repeatedly measuring the pressure required t o  n u l l  the s ignal  a t  one 

particular point i n  the t e s t  beam, it was found t h a t  there was a phase d r i f t  

between the two beams other than that introduced by the observer. 

was apparently due t o  very s l ight  changes i n  the optical  path lengths of the 

two reconstructing beams caused by temperature changes. The normal drift  

between readings was amraximately 2 centimeters of fluid, or about 1/60 of 

a wavelength. This d r i f t  prevented pressure readings f'rom being reproduced 

and was the factor tha t  limited the accuracy of the measurements. Even so, 

w i t h  only the original techniques and equipment used, phase changes t o  the  

nearest 1/60 of a friwe could be measured. Refinements i n  t h i s  technique 

or an improved method would certainly increase the  sensi t ivi ty  of the  

This dr i f t  

measurements. 
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Conclusions: 

The separate reference beam method of recording dual exposure holographic 

interferograms possesses a l l  of t he  advanteges of t he  standard single reference 

beam technique while retaining t h e  f l ex ib i l i t y  normally associated with a 

conventional real time interferometer. 

interferograms of transient events holographically and then display the recorded 

information i n  the most advantageous manner. 

This method makes it possible t o  record 

With holograms made i n  th i s  manner, it is possible t o  obtain information 

concerning the  phase sh i f t s  i n  a field where only minute changes are found. 

A method has been investigated where phase changes of approximately 1/60 of 

a fringe can be measured. Improved methods will result i n  smaller phase s h i f t s  

being accurately measured. 

Future Work - 
Recording and reconstructing interferograms from separate reference beam 

holograms is now a routine procedure. 

type hologram t o  measure very small phase shif ts  i n  transient fields has only 

been demonstrated. 

Hawever, the*potential use of %his 

As a first attempt, phase s h i f t s  as small as 1/60 of a 

wavelength can be measured. Future work w i l l  be aimed at improving the sensi- 

t i v i t y  end accuracy of these phase measurements. 

improved by merely tahirg faster measurements. This would allow the  interfera- 

The present method can be 

meter less t i m e  in which t o  drift.  

f o r  it would be a great improvement. 

must be evaluated and the best combination selected. 

Elimination of the  d r i f t  o r  compensation 

A l l  of the components of the system 

An ent i re ly  different 

method of readout w i l l  be investigated, wherein the phase difference between 

two points can be direct ly  measured. 

but would eliminate t h e  problem of phase drift and may prove the most advantageous. 

This technique will require two detectors, 
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11. T& SIM&TIOR a l ~  MALOG TWSMXSSIOH LOSSES 

B. 3 ,  Hdrredl and d,. S. B a l l a r d  

Introduction: 

When a hologram is transmitted i n  an analog manner, one of the factors 

which w i l l  degrade the image obtained from the hologram as received is the  

attenuation of some of the higher hologram frequencies, caused by a limited 

time-bandwidth product. The effect  of the  loss of these hipher frequencies 

was discussed i n  the ATsG 713 progress report of December 31, 1967. 

Another source of image degradation is transmissllon noise which is within 

the bandwidth required for t h e  transmission of the holographic information. 

Since th i s  noise cannot be filtered out of the sienal,  its effect  upon the 

reconstructed holographic image must be ascertained. A study of the i m a g e  

degradation caused by such noise is the subject of t h i s  report. 

The simulation of a noisy hologram w a s  achieved i n  the following steps. 

A single hologram of a given object w a s  recorded and used i n  all of t h e  

experiments. Several noise plates  were made by exposing a photographic 

emulsion t o  a laser speckel pattern which contained random spatial frequencies 

within the same bandwidth as those contained within the hologram. 

plates were identical  except fo r  their exposure times, the contrast of the 

plates  being equivalent to the noise amplitude. A power spectrum was then 

obtained f o r  each of the noise plates  and f o r  the hologram. 

data, the relat ive amplitudes of "signal" from the holoeram and "noise" from 

the  noise plates  were obtained. 

The noise 

From the spectral  

The hologram was then reconstructed w i t h  each 
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of the noise plates interposed, and the images obtained were evaluated by 

obtaining the modulation t ransfer  function of each image. 

shown how the i m a g e  w a s  degraded f o r  each of the different noise levels.  

Work - Performed 

It could then be 

The hologram used t o  simulate the s i p n a l  t o  be transmitted was recorded 

i n  the conventional manner, using an off-axis reference beam of parallel l i gh t .  

The object was a transparent National Bureau of Standards Resolution Chart 

which tras illuminated from behind w i t h  diffuse l i gh t .  

consists of sets of l i n e s  of various spacings, and images of the chart are 

w e l l  suited fo r  studies of imaee dwradation. The hologram w a s  recorded on 

a Kodak 649-F glass plate.  

reference beams were determined by the recording geoEetry, and from these angles 

it was calculated that the  spa t ia l  frequencies contained i n  the hologram covered 

a range of from 120 t o  504 l ines  per millimeter. 

band of frequencies t o  be transmitted. 

The resolution chart 

The maximum and min imum angles between object and 

These l ines  represent the  

It was now desired t o  produce noise plates which contained random spatial 

frequencies within the  same band as those frequencies found within the  hologram. 

These noise plates were recorded as shown i n  Figure 8. 

eqanded and collimated, giving a parallel beam four inches i n  diameter. 

beam illuminated a sheet of frosted glass and became scattered, producing the  

characterist ic laser "speckel pattern". 

The laser  beam was 

This 

The speckel pattern is known t o  contain 

spa t i a l  frequencies up t o  a maximum determined by the angle 8. 

was placed a distance I) of 10 inches from the  frosted glass, giving tan 8 a 

The film plate 

value of 0.400 and sine 0 a value of 0.371. U s i n g  the  fornula 

f = s i n  e / h  

we f i n d  the maximum spa t ia l  frequency recorded i n  the f i l m  plate  t o  be 586 l ines  
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per m i l l i m e t e r  f o r  the  given 

Angstroms. Thus , the  noise plate 

spa t i a l  frequencies over the  as those cont 
1 

So t h a t  a number of differexit tlaik 

noise plates were made Fthich week? ,ide&ical except that the exposure was varied 

from plate t o  plate.  

exposed fo r  periods of i, 2,  3, 

plate tititniwi i, p ~ k e  numa$et t i ,  btc .  respectively. 

I 

The aoise gl&te$ eventually used i n  the experiment were 

4 secbnd9, arid w i h  be referred t o  as 

A power spectrum wa8 @de of the hologrslmi arhd of each noise plate using 

the apparatus and methods described i n  Section 121 of &is repad. From t h i s  

spectrum it w a s  possible t o  obtain the signal level  from the hologram and t h e  

noise levels of each of the  noise plates fo r  any desired frequency. It was 

decided t o  measure the signal/noise levels at a single frequency within the 

hologram band. The data obtained from a single frequency should give results 

consistent w i t h  those obtained i f  a l l  of the  individual frequencies were 

considered. A diffraction angle of 8.75 decrees, equivalent t o  a spatial 

frequency of 240 l ines  per millimeters was chosen as being representative 

of a l l  the frequencies present within the  band of the hologram and the noise 

plates.  

hologram and noise plates at the  desired m,gle. 

A photomultiplier w a s  used t o  detect the l i g h t  diffracted by the 

A voltage was read as t he  

er, t h i s  voltage being proportion 

Since the optical 

i t h  exposure, the data as observed is not indicative 

ion of l i g h t  d i f f r  W e  would expect 

tha of the  
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other plates simply because it is more nearly opaque. 

the l ight  intensity observed f o r  each plate, we must normalize the data. 

can be accomplished by finding the  r a t io  of t he  observed intensity at the chosen 

angle t o  the t o t a l  intensity of l i g h t  which passes through the plate. Th i s  

l i g h t  consists of transmitted l i g h t ,  diffracted l i g h t ,  and scattered l igh t .  

Since by far the  greatest portion of the l i gh t  was  transmitted directly through 

the  plate, only the transmitted l i gh t  w a s  considered. The observed in t ens i t i e s ,  

normalization factors,  and normalized in tens i t ies  are l is ted i n  Table 1. 

Thus, i n  order t o  compare 

Th i s  

Signal/noise ra t ios  are usually calculated on the basis of amplitudes, 

so the intensity measurements fo r  t h e  plates were converted t o  amplitudes by 

finding their  square roots. 

amplitude at the angle of interest would give the signal/noise r a t i o  upon 

reconstruction w i t h  a noise plate interposed i n  the reconstructing beam. 

The r a t io  of hologram amplitude t o  noise plate  

The actual noise present i n  transmitting a hologram w i l l  be determined 

by a number of factors.  

hologram. If the scan is horizontal, the unfiltered noise w i l l  cause unwanted 

l i g h t  o r  "noise" t o  be diffracted horizontally and f a l l  upon the image. 

t h i s  case, the signal/noise r a t i o  as described above is representative of t h i s  

condition and is referred t o  as the "horizontal signal/noise". I f ,  however, 

the transmitted noise is  of random frequencies and random orientations, some 

very interesting observations result. 

One of these is the  method used fo r  scanning the 

In 

The noise plates as constructed f o r  t h i s  experiment contain random fre-  

quencies w i t h  random orientations, Thus, i n  order t o  f ind the  t o t a l  noise 

present i n  the noise plate for  a given frequency it is necessary t o  multiply 

the  observed noise amplitude by 2ar, where r is the distance from the zero 
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order transmitted l ight  t o  tha t  location in the  Fourier plane at which the 

l i gh t  diffracted by a given noise fkeqwncy &pp 

w i t h  spatial frequency . 
Irs. The radius r increases 

The spa t ia l  frequencies within the hologrlun ale &ekl&a?d so that they 

diffract  tde incident l i gh t  preferentially t o  one of the  side orders associated 

w i t h  eitdel the real image recoiistructhfi o r  the v i r tua l  image reconstruction. 

Thus, i n  order t o  find the t o t a l  signal present at a given frequency, it is 

I 

not necessary t o  multiply by 2nr as was done fo r  the  noise plates,  but by 2Ar, 

where A i s  the  angle formed by the upper and lower extremities of the s ignal  

i n  the Fourier plane w i t h  the  transmitted zero order l i gh t  .(Figure 9 ) .  For 

the hologram used here, A = 0.053 radians. The factor of 2 arises from a need 

t o  consider both the rea l  and v i r tua l  images, which are on opposite sides of 

the  Fourier plane, as s igna l  information. When these factors are taken in to  

consideration, it can be seen tha t  the signal/noise r a t i o  declines t o  a lower 

value (Table 1). This r a t io  is referred t o  as the " to ta l  signal/noise". 

A f t e r  the signallnoise ra t ios  had been determined fo r  each of the  four 

hologram-noise plate combinations, the hologram image was reconstructed w i t h  

each of the  noise plates interposed i n  t h e  reconstructing beam. The "noisy" 

image w a s  recorded on high contrast copy film. An image w i t h  the hologram 

alone was recorded t o  be used as a standard. These recorded images w e r e  placed 

on a microdensitometer and the Modulation Transfer Function obtained fo r  resolved 

image l ines .  

resolution l i m i t .  

evaluated by 

The MTF better describes the image quality of a system than t h e  

The MTF can assume values ranging from 0 t o  1.0, and is 

- Emin 
i E  max m$n 

MTF = E 
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where E and Emin are the  maximum d min imum of 

by a densitometer scan of a resolution chart im 

was very d i f f i cu l t  t o  obtain meaningful i\ 

raax 

The main problem encountered w a s  i n  focusing the  reconstructed real image 

precisely on the recording film. 

so closely as t o  make focusing d i f f i cu l t .  

that the  hologram used had a large aperture and was  made w i t h  diffuse i l l u m i -  

nation. 

and a small movement of the camera resulted i n  a serious degradation of the  

The l ines  resolved i n  the  image were spaced 

This was complicated by the  fact 

These two parameters contribute t o  a very limited depth of focus, 

image. 

plate combination, a number of exposures w e r e  made of each image. 

was moved a s m a l l  increment between each exposure, and the best image was chosen 

In order t o  obtain the best possib image from each hologram-noise 

The camera 

for  evaluation. Even so, some discrepancies i n  t h i s  data are obvious. 

The MTF's for each of the four noise conditions and also f o r  the hologram 

alone are listed i n  Table 2. In  Figure 10, t he  Modulation Transfer Function 

is plotted versus Lines per Millimeter f o r  t he  noise free reconstruction and 

for  each of the four noise conditions. Th i s  graph shows that a single l i n e  

can be drawn through t h e  points which represent the  noise-free MTF's and those 

obtained when plates 1 and 2 were interposed. With plate  3 interposed, the 

I"F's are lower, but not by an appreciable amount. Only when plate  4 was 

rposed did the resolution drop c ably; but t h i s  was not due t o  

, as th i s  r a t io  was c 

m u s t  be due 

su l t ing  from t 



-14- 

Figure 11 illustrates the manner i n  which the MTF's decrease as t h e  

s ignal /ndse r a t i o  decreases. 

r a t io  is plotted along the  horizontal axis. In  t h i s  figure, some of the discrep- 

ancies noted i n  the data are apparent. 

t o  the diff icul ty  of obtaining an image tha t  is i n  precise focus. 

f r a  plate  4 are not included i n  t h i s  figure. 

For convenience, the inverse of the signal/noise 

These dlscrepancies are primarily due 

The P4TF values 

A sample calculation of t h e  hologram signal/noise is included: 

Light transmission of hologram = Transmitted light/Incident Light = 0.38 

Light transmission of plate 1 = Transmitted light/Incident l i g h t  = 0.80 

Intensity normalization factor f o r  hologram = 0.38/0.80 = 2.1 

Intensity normalization factor for plate 1 

Intensity of l igh t  i n  Fourier plane corresponding t o  240 lines/mm i n  

= 0.80/0.80 = 1 

hologram = Signal intensity = 275 mv 

Normalized signal intensi ty  = signal intensity normalization factor  = 

275 X 2.1 = 580 

Intensity of l i g h t  i n  Fourier plane corresponding t o  240 lines/mm i n  

plate 1 = Woise intensi ty  = 1.1 mv 

Normalized noise intensity = 1.1 X 1 = 1.1 

Hormalized signal amplitude = J normalized signal intensity = = 24 

Normalized noise amplitude = 4 normalized noise intensity = E = 1.05 

Horizontal signal/noise = Signal amplitude/Noise amplitude =: 2u1.05 = 23 

Total noise amplitude = noise amplitude X 360 degrees = 380 

Total signal'  amplitude = signal amplitude X 19 degrees = 460 

Total signallnoise = Total signal/ total  noise = 460/380 = 1.2. 
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Conclusions: 

It may be seen from the data tha t  l i t t l e ,  i f  any, image Gegradation is  

observed as long as the  horizontal signal/noise is 10 o r  greater. 

case of randomly oriented noise, t o t a l  signal/noise ra t ios  of less than 0.5 

For the 

show no image degradation. 

acceptable reconstructions. Th i s  is possible, of course, because the hologram 

itself spat ia l ly  separates a large portion of the t o t a l  noise from the s ignal .  

In  fac t ,  t o t a l  ra t ios  of 0.25 or less may give 

It is of interest t o  note that the only poor reconstruction resulted when 

plate 4 was interposed. 

w i t h  p la te  1. 

completely mask major portions of t he  hologram, thus reducing the  effective 

aperture of the  system. 

s igna lhoise  ra t ios  are not prohibitive t o  t h e  reconstruction of acceptable 

Yet plate 4 should give a signaljnoise ratio comparable 

It is believed tha t  plate 4 was suff ic ient ly  opaque as t o  

It would seem frcm the data presented here tha t  l o w  

images. 

The quantitative results obtained confirm the quali tative obervations 

made during the early phases of t h i s  work, that is, the  noise plates have t o  

be extremely bad before the  i m a g e  is noticeably degraded. 

Future Work: 

The simulation of hologram analog transmission noise has been completed,. 
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fII. MEASUREMENT OF FILM GRAIN SIZE AND ITS CONTRIBUTION TO NOISE I N  

WAVEFRONT RECOPSTRUCTIOI’I 

I). L. t?&m 

Introduction: 

Image formation has been achieved i n  a variety of foms since 1900. The 

early cameras recorded imaees on a specially prepaxed film which underwent 

a chemical change when illuminated by l i gh t .  

a developer and fixing aeent, the l a t en t  image appeared, 

After t reat ing the  f i lm with 

Those areas of the  

film which were exposed became dark i n  the  latent image. 

As time passed, better films were made and the  quali ty of the image improved. 

Theories of graininess and granularity were developed by Selwyn and h i s  followers 

( 5 ,  6)  t o  explain a long standing problem i n  resolution. Noise from some source 

i n  the  film w a s  degenerating the  quali ty of an imwe under photoeraphic enlarge- 

ment. Large film grains were soon found t o  be the major source of noise. 

th i s  noise contribution has been more appropriately termed f i l m  grain noise. 

Recently 

Film grain noise became significant where holograms of weakly illuminated 

objects were t o  be recorded. 

due t o  the weak  ob3ect were of the same order as t h e  random variations i n  

When the variations i n  transmission of the hologram 

transmittance due t o  f i lm grains, the reconstructed image resolution began 

t o  decrease. The loss is noted more i n  large grain films such as Kodak High 

Contrast Copy, Tri-X, Panatomic-X, e tc .  

An ef for t  is being made t o  study %he properties of this  source of noise 

separate from any recorded information. This i‘s accomplished by fogging film 



through exposure t o  incoherent l i g h t  and recording the Fraunhofer diffraction 

pattern of the developed film. 

used instead of a coherent radiation laser source. 

another noise source, is prevented. 

Incoherent l i gh t  from a tungsten source is 

In t h i s  way, speckling, 

Fogging the f i l m  uniformly results i n  t i ny  deposits of s i l ve r  randomly 

distributed throughout the emulsion after development. 

these deposits under microscopic examination. 

when the film is developed. 

crystals t o  metallic s i l ve r ,  which precipitates and grows into a s i lve r  

crystal .  

developer i f  suff ic ient  time is allowed:, and i f  the fi lm is  le f t  i n  the 

developer inde fh i t e ly ,  all of the s i lve r  halide is reduced t o  s i lver .  

['herefore, the grain s i ze  varies with the development t i m e .  

One can easi ly  see 

These deposits are formed 

The developer reduces exposed s i lver  halide 

Even unexposed s i l v e r  halide grains can be reduced by the 

One can be certain tha t  the grain s ize  distribution of t he  par t ic les  

plays a significant role i n  the diffraction process. For the present w e  

can say that if  the grain s ize  distributions of two films are different,  

so are their diffraction patterns: potentially different.  

A precise definition of any diffraction pattern depends on the  precision 

by which one can describe the  diffracting medium. 

describe the amplitude transmittance function of the  emulsion. 

relatively simple m a t t e r  fo r  low spa t i a l  frequencies. 

frequency increase and the  situa%ion becomes a s t a t i s t i c a l  description using 

small opaque grains of s i lve r  having both s i z e  and density distribution 

properties. 

For films, one must 

This is a 

L e t  the  spa t i a l  

In practice,  one cannot mewure the  exact phase and amplitude of each 



-18- 

Goodman (71, Helstrom (81, and Kozma (9) have a l l  shown that ran 

variations of f i l m  transmittance generate the "film grain noise" which is a 

fundamental l imitation of image quality. 

relationship for the different photographic variables such as exposure, 

intensity of t h e  illuminating l i ph t ,  developer, development time and 

temperature of development affect  t h i s  noise. 

To date no one has established the 

The diffraction pattern of an obJect may be observed by i l luminating the 

object from behind by a pa ra l l e l  beam of coherent l i gh t .  

9s used t o  focus a l l  parallel l i g h t  rays of' a given direction t o  a point i n  

the back focal plane. The resultant amplitude at any point i n  the plane is 

the vector sun of the amplitudes of a l l  the para l le l  rays coming t o  focus at  

that  point. 

A l ens  (see Figure 12) 

Jenkins and White (10) show tha t  the pattern of a diffracting screen is 

idenfgcal t o  that of its complementary screen. Connplementary screens are those 



pattern which i s  

since the  square 
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negative i n  amplitude. This difference i n  sign is  not detected 

of the amplitude or  the intensity is the  only quanti* detected 

by the eye o r  photographic f i l m .  

Born snd Wolf (11) say that when a screen possesses a large number of 

apertures having uniform size and distributed randomly, the result ing diffraction 

pattern would have the same form as that from one aperture. The same is  also 

t rue  of its complementary screen since the diffraction pattern of complimentary 

screens are identical. 

The complement of film grains are t iny  apertures havhg the same s i z e  

and,shape as the grains. 

grains is being made using Babinet's Principle t o  see what information can be 

obtained regarding the  s i z e  and density of these grains. 

holography, much emphasis is  placed on predicting the intensity of the diffracted 

l i g h t  from the emulsion. 

information, t o  be obtained concerning the  effect  of t he  different photographic 

variables present i n  film exposure and development. 

o f t h e  physical structure of the  fi lm, t h e  distribution of l i g h t  i n  its 

diffraction pattern,  and the  experimental relationship between these w i l l  be 

established. 

A study of the diffraction pattern produced by these 

For purposes of 

A study of the diffraction pattern should permit 

In t h i s  way, a knowledge 

Figure 12 shows how one can observe the diffraction of an aperture 

i n  the focal plane of a lens. Using;  

predicting the s ize  of the aperture, 

where 

-1 D € ) = t a n  - f '  

a suff ic ient ly  large lens,  the equation 

d, is given by 

and k = 1 f o r  a rectangular s l i t ,  1.22 f o r  a circular  aperture; D is the distance 
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from the  principle maximum t o  the first minimum; f is the focal length of the 

lens; and h is the  wavelength of l i g h t  i n  t he  medium containing the aperture. 

Unlike the circular  aperture, t he  diffraction pattern of the  rectangular s l i t  

is symmetrical only along a given l i ne  perpendicular t o  the  principal axis 

of the  lens and ly ing  i n  the focal plane of the lens. Rotate the l i n e  t o  some 

new angle and the  in t ens i ty  distribution along tha t  l i n e  w i l l  be different ,  
I 

The diffraction pattern of an array of many square apertures of uniform 

s ize  but having no specified position or orientation on a screen resemble the  

diffraction pat tern of a circular  aperture. 

can easi ly  be seen. 

Well defined maxima and minima 

The problem becomes complicated when a distribution of 

circular apertures of two sizes are present such that the first minima 

produced by one aperture falls on the second maxima produced by t h e  other 

aperture. A smearing effect is produced i n  the diffraction pattern thus 

produced. 

the screen would be unable t o  predict these quantit ies.  

An oberver unaware of the s ize ,  shape o r  number of apertures i n  

Characterization by stating exact s i ze ,  shape and number is not feasible 

i n  the general case. The random nature of the diffracting medium makes 

quantitative characterization by an oberver a statistical consideration. 

Work Performed 
I__ 

A technique presently being investigated and developed should permit t h e  

rapid determination of' the  intensity distribution of l i g h t  i n  the diffract ion 

pattern of a fogged emulsion. 

photomultiplier t o  determine the intensity of scattered li&t as a function 

of angle for t he  axis of t h e  Sncident l i gh t .  The basic optical  system, a 

rotating opt ical  spectrum analyzer, i s  shown i n  Fig&e 13. Rays of l i g h t  

T h i s  measurement is performed using a calibrated 
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which are parallel t o  each other, regardless of their angular orientation 0 ,  

' w i l l  be focused t o  a point i n  the focal plane of the lens. 

positioned i n  the  focal plane t o  stop all  rays other than those i n  the 
*'* angular range of Q - 2 t o  0 + 2 

principle axis of the lens. 

passing through the  pinhole f a l l s  on the photocathode surface. 

shielding has been used t o  keep stray l i g h t  from s t r ik ing  the tube. 

lens,  f i l t e r ing  aperture (pinhole) and photoMultiplfer are mounted on a 

rotating optical  bench. 

t h e  center of rotation of the rotating optical bench. 

measurements of large q l e s  of diffraction. 

extensively fo r  studying forward scattering, but wi th  s l i gh t  modification 

the back-scattered spectrum can also be recorded w i t h  equal angular resolution. 

A to ta l  angular diffraction measurement scan of nearly 360' is pract ical .  

The angular resolution of the instrument is direct ly  related t o  the pinhole 

diameter. 

suff ic ient .  

A o2e is 

The pinhole has been placed along the A@ 

The photomultiplier is centere4 so t h a t  lieht 

Additional. 

The 

The object o r  f i lm t o  be studied is positioned at 

This  design permits 

The instrument has been used 

For studies t o  date, an angular resolution of 1/2 degree w a s  

The rotating opt ical  spectrum analyzer described here overcomes several 

d i f f i cu l t i e s  inherent i n  most analyzers used i n  other laboratories f o r  similar 

studies. 

photomultiplier positioned along the a i s  of t h e  illuminating beam. 

spectrum of spatial frequencies present i n  the object is obtained by scanning 

an aperture along an axis which is i n  the  focal plane of the  lens. 

may arise from curvature of f ie ld  of the leas as w e l l  as aberations arising 

from off-axis imaging. 

These opt ical  spectrum analyzers usually consist of a lens and 

The 

Diff icul t ies  
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!t'he electron current at 

t o  the power of the incident 

the output of the  photomultipli ional 

f ight  fa l l ing  on the photocathode of the tube. 

The power of the incident l igh t  passing through the pinhole is related t o  

i t s  intensi ty  by 

PA 
A I* = - 

where A is the cross-sectional area of the  pinhole. 

Suppose that a grating on the f i lm was a source of noise t o  be studied. 

Several bright points appear i n  the  diffraction pattern at a distance L from 

the axis of the incident beam. 

latt ice spacing of t he  grating f o r  small scattering angles less than 10'. 

This  distance is  proportional t o  t h e  reciprocal 

In 

general, f o r  a l l  scattering angles, the reciprocal l a t t i c e  spacing or the  

spa t ia l  frequency of the grating is given by d* i n  t he  equation 

where 0 is the angle through which the  radiation is scattered from the axis 

of the incident l igh t .  When the  same grating was rotated i n  the  plane of the 

film, t h e  br ight  points i n  the  diffraction pattern are rotated by the seme 

magnitude i n  space. If a large number of apertures were present i n  a random 

distribution on a film and possessed the same spa t ia l  frequency, the scattered 

l igh t  would appear i n  a r ing  of equal brightness i n  the diffraction plane. The 

radius of t h i s  r ing of brightness i s  L. 

point i s  proportional to the  number of apertures having the same spa t ia l  

orientation i n  the diffract ion plane. 

The intensi ty  of the l i gh t  at a given 

Normally, information concerning the t o t a l  nunber of apertures of a given 

is  more useful. The t o t a l  radiation power scattered by the  

8. and 8 + A$ would be a measure of e t o t a l  number of apertures 
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i n  the diffraction plane possessing that given spatial frequency. If the 

apertures are replaced by f i lm grains, the same argument prevails. 

radiation power i n  an angular diffraction range between 9 and 8 + 48 is a 

quantitative measure of the grain population possessing a given spa t ia l  

frequency. 

The t o t a l  

The t o t a l  power of l i gh t  passing through an annulus of radius L and 

angular width AQ is given by (see Figure 18) 

From the  geometry shown i n  Figure 18, P ( 8 )  i s  given by 

Since I(€?) is  constant over an angular range of AB, P($) becomes 

or ,  after integrating, u t i l i z ing  trigonometric ident i t ies ,  and combining terms, 

P(Q) = 4nf s i n  - r(e) s in  8 . 2 A@ 
2 

Define F(Q) = - ’(*) where Pt is the t o t a l  radiant energy scattered forward 
Pt 



through the emulsion. Then 

2 AQ 4nf s in  2 
F(9) = I (Q)  s i n  Q . 

pt 

If the radiant power-to-voltage conversion factor f o r  the photomultiplier is  

given K i n  watts per vol t ,  P(0) can be written i n  terms of the  photomultiplier 

output as 

where A is  the area of the pinhole i n  

”) si; 8 
2 

meters2, shown i n  Figure 13, and V is the 

potential  developed i n  vol ts  at the output of the photomultiplier. 

Figures 3.4, 15, 16 are semi-log plots  of the normalized power distribution 

function F(0) for  three different films exposed and developed using standard 

developers and development times. 

Copy, and Panatomic-X respectively. 

scattering angles versus F(Q) fo r  the three types of films when exposed t o  

approximately the  same optical  density. 

development information on each film. 

that  low spatial frequencies tend t o  predominate i n  the grain distribution. 

These films are Kodak Plus-X, High Contrast 

Figure 17 presents a comparison of the 

Tables 3, 4, and 5 present the 

In  Figures 14 ,  15,  and 16 it may be seen 

Figure 1 4  shows F(8) f o r  Plus-X Pan exposed t o  different densities. Note 

the broad maximum of curve 4 i n  F(9) around 20° fo r  a density of 0.85. 

minimum indicates a preponderance of grains whose average diffraction pattern 

shows a maximum around 20’. 

opaque and represent stops rather than apertures, th is  maximum corresponds t o  

a mean grain diarneter of -2.3 microns assuming a circular  aperture. However, 

from the  small amplitude of t he  maximum it I S  c lear  tha t  a large distribution 

Th i s  

By Babinet’s Principle, since film grains are 
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of grs in  s izes  is present. 

t o  smaller angles indicating, on the average, an increase i n  grain size. 

!Phis observation agrees with other known facts .  Large grains are the most 

sensit ive and so predominate at low l igh t  levels.  A t  higher densit ies a 

broad maximum exists because of the  wide range of f i lm grain s izes  which 

make up the diffracting object. 

A t  lower densities the peak appears t o  move 

These results may be compared wi th  Panatomic X (see Figure 16) for 

The most which, at density = 0.8, the maximum occurs at 25' ( curve 4). 

frequently occurring grain s izes  are somewhat smaller (1.8 microns ) than 

those associated w i t h  Plus-X Pan when exposed under similar conditions. 

Note again the breadth of the maximum. All wide la t i tude  films are 

characterized by a Isrge range of f i l m  grain sizes.  

The High Contrast Copy film grain s ize  distribution is i n  contrast t o  

the above resul ts .  

larger grains are exposed, the maximum occurs a t  30' , indicating that 1 . 5 ~  

micron sized grains predominate. A t  a density of 1.52 the mean grain s ize  

For opt ical  densities as low as 0.43, where only the  

remains unchanged. 

films, is  characterized by uniform grain sizes. 

High Contrast Copy film, as are a l l  high resolution 

The mean grain s i ze  of 

Panatomic-X and Plus-X Pan are not appreciably larger than tha t  of High 

Contrast Copy film; however, there is a substantial  population of large 

grains which are essent ia l  f o r  exposure la t i tude  ( a  good gray scale) but 

detrimental t o  resolution. 

Film grain noise characterization i n  the manner outlined i n  th i s  report 

w i l l  be continued i n  a systematic manner. An attempt w i l l  be made t o  f ind 
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out how the photographic variables such as exposure t i m e ,  intensity of l ight 

used t o  expose the f i lm,  developer, development temperature, development 

time, and density of the f i l m  affect film grain noise. Secondary diffraction 

processes, i f  any, will be considered relative t o  their effect  on the 

quantitative evaluation of th i s  technique. 
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fY. TKE WASH-OFF RELIEF PROCESS FOR IMAGE STOMGE 

G. K. Wallace 

Introduction : 

Using normal processing procedures, photographic emulsions act  as 

nonlinear l i g h t  intensi ty  detectors i n  t h a t  they store information as 

differences i n  optical  density. These differences i n  density may be stored 

l inear ly  with changes i n  intensity over a l imited range. 

variations i n  opt ical  density, variations i n  t h e  thickness of t he  photograph- 

i ca l ly  processed emulsion (developed, stopped, fixed) also result. 

variation, o r  relief, is especially evident i n  Kodak 649-4 plates and occurs 

In addition t o  

This  

because more undeveloped s i lve r  halide is  removed during fixing from those 

areas of the emulsion which have been only briefly exposed t o  l i g h t  than 

from the more heavily exposed portions of the emulsion. 

If the photographic image were t o  be bleached, the variation i n  optical  

density is removed, but the relief of the ge la t in  image is increased. The 

bleaching process leads t o  the formation of a colorless compound which is 

insoluble i n  water i n  those areas where a s i lve r  image existed. 

has been u t i l i zed  i n  the  formation of phase holograms. 

This f ac t  

These holograms rely 

upon the  relief of the bleached emulsion rather than variations i n  opt ical  

density t o  form reconstructed i m a g e s .  "he images so formed are known t o  

exhibit more brightness than those obtained from normally processed holograms. 

Further increase i n  re l ie f  can be caused i n  the emulsion i f  the wash- 

off relief process is applied t o  the  bleached photographic plates (see 

Appendix 1). 
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The actual wash-off technique i s  a hot water treatment preceded by a series 

of steps that allows selective removal of ge la t in  from areas of lower opt ical  

density i n  the original image. 

t o  completely remove the emulsion. 

less  emulsion is removed by wash-off. 

When the emulsion is unexposed, it is possible 

With increasing opt ical  density, less and 

It has been demonstrated by Dodd (12) t h a t  wash-off re l ie f  holograms can 

produce images which may be brighter than those obtained from bleached holograms. 

The purpose of t h i s  investigation was  t o  become familiar with the process so 

tha t  it can be better understood and possibly u t i l i zed  as a method of storing 

optical  information possessing additional desirable properties. 

Work Performed: - 
It is well known that holograms which have been bleached reconstruct 

images of greater intensity than similar holograms which have not undergone 

the  bleaching process. It was desired to see whether the intensi ty  of the  

reconstructed images from bleached holograms varied w i t h  t he  exposure t h e  

of the  hologram and wi th  the spa t ia l  frequency recorded i n  the emulsion. 

a preliminary step,  a series of gra t ing  patterns was  made on Kodak High Contrast 

Copy Film by recording the interference pattern which resul ts  when two beams 

of para l le l ,  coherent l i g h t  intersect at an angle. The patterns r e s u l t i n g  

from varying interference angles were recorded at several different  exposure 

times on a single roll of film. 

recommended procedure, stopped w i t h  a one-minute wash i n  running water, and 

fixed with a non-hardening f ixer .  

interference gratings was placed i n  turn i n  the  beam of a l m i l l i w a t t  H e l i u m  

Neon laser and the number of diffraction orders detectable by the naked eye 

As 

The film w a s  developed using the manufacturer's 

Each of the photoeraphieally recorded 
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was observed. The gratings 

which they were replaced i n  

then received the  bleaching treatment , after 

the  l m i l l i w a t t  laser  beam and the number of 

diffraction orders vis ible  were again observed. 

i n  Tables 6 and 7. Table 6 shows that the number of observed higher orders 

from each grating increases after the  grating has been bleached. 

The observations are tabulated 

In  Table 7, 

t he  number of higher orders observed at a given grating spa t ia l  frequency is  

compared for  various exposure times. The number of higher orders observed 

was  found t o  depend upon the spatial frequency and also upon the  exposure 

t i m e .  It appears tha t  there may be an optimum exposure t i m e  for the  

production of a maximum number of higher orders at a given spa t i a l  grating. 

An in te res t ing  observation w a s  made during the  study of these interference 

For t h e  25 lines/mm gratings, which were exposed f o r  times of 1/150, gratings. 

1/100, and 1/50 seconds, the intensity of t h e  51, 52,  and 23 diffraction orders 

appeared t o  be equal t o  or greater than t h a t  of t h e  zero order. The reason 

f o r  the re la t ively high intensity of these higher orders has not as yet been 

determined. 

The steps i n  the wash-off relief process consist of developing, bleaching, 

and the actual wash-off of portions of the emulsion. This sequence of steps 

makes it possible t o  record information i n  the emulsion and then study and 

compare individually the separate effects  of development, bleaching, and 

wash-off on each individual emulsion. 

a series of interference gratings similar t o  those used i n  the  preliminary 

work. 

the steps - development, bleaching, and wash-off - and also the brightness 

of the various diffraction orders present after each s tep could be compared 

It w a s  decided t o  record photographically 

The magnitude of the emulsion relief could be measured after each of 
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i n  a quantitative manner. 

t o  be used t o  measure the r e l i e f  variations i n  t he  emulsions. 

the  surface of the emulsion constitutes one of the reflecting surfaces of the 

interferometer. 

mirror which can be adjusted so tha t  various f i n i t e  fringe presentations can 

be observed. 

is i l l u s t r a t ed  i n  Figure 20, which is the interferogram of an emulsion which 

has recorded an interference grating similar t o  those described previously. 

The f i n i t e  fringe interferogram indicates a difference i n  height between "peaks" 

and "valleys" i n  the  emulsion of approximately 6% wavelengths of l igh t .  

the interferogram was  obtained by reflecting l i g h t  from the surface of the 

emulsion, the  actual magnitude of the emulsion relief i s  only 3% wavelengths. 

This  interferogram w a s  obtained using a sodium lamp as a source of illumination, 

so the magnitude of the relief of the  emulsion is  3% times 0.59 micron, or  

A reflection-type microscope interferometer w a s  

In t h i s  device, 

The second reflecting surface of the  interferometer is a 

An example of the type information obtainable from t h i s  instrument 

Since 

1.9 micron relief. 

The interferometer t o  be used i n  the experiments became inoperative shortly 

before the  series of interference gratings were ready fo r  evaluation. 

consequence, none of the  quantitative data has been obtained as yet.  

evaluation of t he  effect  of the  wash-off relief process upon the brightness 

of the higher diffraction orders obtained from simple interference gratings 

remains as "work t o  be done". 

As a 

The 

While the microscope interferometer was  still  operable, several obsesva- 

t ions were made concerning emulsion relief which may give an indication of 

t he  magnitude of the relief which may be encountered. 

graphic plate was used t o  record a simple interference grating. 

A Kodak 6494' photo- 

A f t e r  it 
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had been developed, fixed, and dried i n  ambient air  fo r  a f e w  hours, the 

difference i n  re l ie f  between the l igh ter  and more heavily exposed portions 

of the grating was found t o  be approximately 0.3 micron. Several days later, 

a f t e r  the  emulsion had l o s t  a l l  of i ts  excess moisture, the re l ie f  difference 

decreased t o  approximately 0.1 micron. The emulsion was  then bleached, after 

which the magnitude of the emulsion re l ie f  became 1.9 micron. The interfero- 

metric determination of the relief of t h i s  bleached grat ing is shown i n  

Figure 20. 

no detectable relief after normal development. 

i n  only about 0.3 micron relief, while  the wash-off step added an additional 

0.5 micron of relief. 

Similar observations made on Kodak High Contrast Copy Film showed 

Bleaching the  emulsion resulted 

When t h e  microscope interferometer became inoperable, an attempt was made 

t o  measure the magnitude of the emulsion relief holographically. A typical 

double exposure holographic interferogram w a s  made as shown i n  Figure 19. The 

object w a s  a frame of Kodak High Contrast Copy Film on which an interference 

grating has been recorded photographically. 

l ines  i n  the object grating was such tha t  three l i n e  pairs were recorded i n  

the  frame of the emulsion. 

bleached. 

of the ob3ect grating was reconstructed is  shown i n  Figure 21, 

The spacing between interference 

The film had been developed normally and then 

The interferogram which w a s  obtained when t h e  doubly exposed hologram 
’ 

I r regular i t ies  

i n  the film base are of a larger magnitude than the emulsion relief, and thus 

mask the  detail of interest. A similar double exposure hologram w a s  recorded 

using the  same object, except t ha t  t he  f i lm frame had now undergone the  wash- 

off relief step. 

shown i n  Figure 22. 

The reconstruction from t h i s  holographic interferogram is 

There is some apparent difference between t h e  fringes of 
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Figures 21 and 22, but again the  i r regular i t ies  

us t o  observe direct ly  the  emulsion variations. 

i n  t he  f i lm  base do not allow 

A di f fe ren t ia l  interferogram 

was  obtained which showed only the effect  of the  emulsion that had been 

removed by the wash-off process. 

following manner. The hologram which had been made of the emulsion after 

bleaching only was replaced i n  the position where it had been made. 

f i lm,  after the  wash-off step, was  placed i n  the  position it occupied when 

the holograms were formed. 

beam, reconstructed the diffraction pattern of t he  bleached emulsion. 

washed-off emulsion illuminated by the  original object beam and i ts  diffrac- 

t ion pattern were coincident w i t h  t h e  hologram reconstruction. In t h e  

resulting interferogram, the i r regular i t ies  of the film base were cancelled 

out, and the f i n i t e  f r inge pattern observed w a s  due only t o  changes i n  the 

object which occurred between the bleaching and the  wash-off steps. 

This interferogram w a s  obtained i n  the 

The 

The hologram, upon illumination by the reference 

The 

A f i n i t e  f r inge differential interferogram of the same object i l l u s t r a t ed  

i n  Figures 21 and 22 is  shown i n  Figure 23. 

i n  the fringes appear t o  show tha t  l i gh t  traveling through the higher portions 

of the emulsion travel approximately 3/4 wavelength farther than those which: 

pass through those portions of the  emulsion which have had more ge la t in  washed 

off.  This  interferogram vas made wi th  6328 8 l ight  and w a s  produced by 

transmission rather than by reflection, as i n  the case of the microscope 

interferometer. The index of refraction of the  emulsion must be considered 

when calculating the magnitude of the  height variations i n  the emulsion. 

Assuming t h e  index of refraction of t h e  emulsion t o  be approximately 1.5, the 

magnitude of the  relief contained i n  the emulsion shown i n  Figure 23 due t o  

In t h i s  example, the  variation 
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the  wash-off step only would be 0.3 micron. 

Holographic d i f fe ren t ia l  interferometry is  a useful method fo r  studying 

the increase of relief i n  the emulsion after each processing s tep ,  but one 

tha t  is very time consuming i f  a large number of emulsions are t o  be studied. 

For t h i s  reason, it w a s  decided t o  await t he  repair of the microscope 

interferometer before conducting further studies. 

In the interim, some quantitative studies have been carried out u t i l i z ing  

Kodak 649-F photographic plates.  It had been feared tha t  the wash-off treat- 

ment might cause reticulation or "orange peel'' of the emulsion because of 

the poor adhesion between the gelat in  and the glass.  No reticulation w a s  

observed, however, when the temperature of the water used i n  the  wash-off 

step was slowly increased t o  the proper value and then again slowly cooled 

before removing the photographic plate  from the  wash. Although no measure- 

ments have been made, it has been observed t h a t  definite re l ie f  can be seen 

on the surface of the emulsion of 649-F plates between areas which had been 

exposed for  different periods of time but Which were so dark a f t e r  development 

that  no difference i n  optical  density could be detected by the  eye. 

complete removal of unexposed portions of the emulsion has also been 

accomplished. 

The 

One further observation should be reported. An interference grating 

with a spa t ia l  frequency of 25 lines/millimeter w a s  recorded on Kodak High 

Contrast Copy Film. 

on a single s t r i p  of film. 

Various exposure times were used i n  recording t h i s  pattern 

The film w a s  developed, bleached, and washed-off. 

Upon examining the diffraction orders which were produced when the  gratings 

were illuminated with the 1 mw H e l i u m  Neon laser ,  it w a s  observed that  one 
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particular grating on the  f i lm  s t r ip  produced a diffraction pattern i n  which 

the first order diffracted beam w a s  very dim, while the second and thirc? 

orders appeared quite intense 

with white l i g h t ,  it could be seen tha t  t he  first order diffracted beam vas 

indeed present 

portions of the spectrum while supressing the  longer wavelengths. Th i s  

phenomenon has not been explained, and as ye t  a duplication has not been 

attempted i n  t h i s  laboratory. 

Conclusions : 

Idhen t h i s  particular gratinf? was illuminated 

but tha t  it preferentially contained. the blue and green 

---I_ 

The wash-off re l ie f  process shows some promise as a means of recording 

information i n  photographic emulsions. 

increase the magnitude of emulsion relief beyond tha t  possible by bleaching 

alone, making it possible t o  reconstruct images from wash-off holograms on 

low resolution photographic f i l m s  which may be brighter than those images 

which are obtained after bleachinfc alone. Several interestinp phenomena 

have been observed during preliminary studies w i t h  bleached and wash-off 

gratings. 

orders appear t o  be more intense than the  zero order, and a single instance 

wherein the lonper wavelengths were supressed i n  the first diffraction order. 

Future Work : 

The process makes it possible t o  

These include observations i n  which some of the  higher diffraction 

.-- 

The study of the wash-off relief process w i l l  continue with the  goal. of 

optimizing the process and controlling the degree of wash-off w i t h  some 

precision. 

The quantitative investigation of the intensity of the diffraction orders 

produced by interference gratings after each of the  steps of development, 
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bleaching, and wash-off should be carried out. This investigation should 

lead t o  some conclusions concerning the effect  of emulsion relief upon the 

intensi ty  of hologram reconstructions and thus permit a hologram recorded 

on a given photographic medium t o  be processed i n  such a way as t o  maximize 

the reconstructed image intensity.  

An attempt w i l l  be made t o  relate emulsion relief t o  the  intensity of 

certain diffraction orders obtained from gratings and t o  the supression of 

certain wavelengths i n  particular diffraction orders. 

The investigation of different types of recording media, as well as 

seldom used processes and techniques which are not suitable fo r  conventional 

photography but which may possess characterist ics sui ted fo r  opt ical  data 

storage should be undertaken. 
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The Wash-Off Relief Process w a s  performed as follows: 

( a )  The more heavUy exposed 

regions w i l l  then be nearest the  film base, and proper relief development 

Expose film normally but through the  back. - 

of the image is then possible. 

(b) 

Development times are specified i n  the Kodak 14anual fo r  each par t icular  

Develop exposed film using the  manufacturer * s recommended developer. 

Kodak film and these times were found t o  be satisfactory.  A l l  steps should 

be performed w i t h  continuous agitation. 

(c )  The stop bath is a one-minute wash i n  running water. An acid stop bath 

should not be used. As i n  normal film processing, a l l  steps should be 

performed at the same temperature. 

(d) The film is fixed i n  a non-hardening f ixer ;  f o r  convenience, Kodak F-24 

Fixer w a s  used. 

minutes t o  clear it of any soluble residual chemicals. 

(e )  

The fi lm is then washed 'in running w a t e r  f o r  about t e n  

After drying at room temperature, the emulsion is w e l l  "set-up" and one 

can proceed t o  the bleaching step. For convenience, the  bleach packet of 

Kodak Chromium Intensif ier  is used. 

on the blackness i n  the 'o r ig ina l  silver i m a g e .  

The bleach tans the gelat in  dependent 

Terminate when the black image 

is completely 

i n  proportion 

( f )  The film 

e bichromate ble selectively hardens the emulsion . . .  , I  

t o  the image op%ical density. 

is again placed i n  running water and allowed t o  wash fo r  several 
* ~ , .  
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hours t o  remove the unhardened gelatin. 

( t o  minimize stress on the  hardened areas) t o  4OoC t o  5OoC, but no higher than 

Temperature is gradually increased 

necessary t o  slowly dissolve the unhardened gelatin.  Reduce temperature 

gradually back t o  room temperature. 

(8) 

damage due t o  peeling, cracking-and sh i f t ing  i n  t h e  ge la t in) .  

Dry the emulsion i n  s t i l l  air  at rocm temperature ( i n  order t o  minimize 

This method may 

require several days before complete removal of water trapped i n  the gelat in  

is effected. Th i s  magnitude of t i m e  was found t o  be necessary i n  order t o  

get consistent resul ts .  
. .  
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TABLE 1 
Signal/Noise Value for Spatial  Frequency of 240 lines/- 

Hologram Plate 1 Plate  2 Plate 3 Plate 4 

Light Transmission of' Plate  ( 8 )  38 

2.1 

80 

1.0 

26 

3.1 

5 

16 

1 

80 Normalization Factor f o r  Light 
Transmission 

Relative Intensity of Scattered 
or Refracted Light 1.36 275 1.1 2.1 0.021 

Normalized Intensity of Scattered 
or Refracted Light 580 6.5 1.1 22 1.7 

Normalized Amplitude of Scattered 
o r  Refracted Light (8) 24 4.7 1.05 2.5 1.3 

18 

0.056 

Horizontal SignalfNoise 

Horizontal Noise/Signal 

9.6 

0.10 

23 

0 .Ob3 

5-1 

0.20 

Total Signal/Noise 
(Horizontal Signal/Noise x 

Total Noise/Signal 

1.2 

0.83 

0.51 

2.0  

0.27 

3.7 

0.95 

1.1 

TABLE 2 

Modulation Transfer Function for Various Image Lines With Each Noise Plate 

lines/mi llimeter 
Noise Plate 8 9 11 13 15 18 

No Noise Plate  0.82 0.68 0.61 0.39 0.20 0.07 

A 0.81 0.69 0.53 0.42 0,20 0.06 

B 0.75 0.68 0.55 0.48 0,29 0.08 

C 0.64 0.49 0.40 0.28 0.14 - 
D 0.20 0.19 0.09 - - - 



TABLE 3 

Development hfomation for Kodak Plus-X Pan plm 
(Developed i n  D-76 (1:1) for 7 minutes at 70 F) 

Frame No. Relative Exposure Transmittance Density 
Time (seconds) 

1 
2 
4 
5 
10 

12 

0.1 

0.2 
0.8 
1.6 
25.0 

100 .o 

0.37 
0.30 

0.14 
0.11 

0.040 
0.028 

0.37 
0.52 

0.85 
0.96 
1.40 
1.60 

TABLE 4 

Development Information for Kodak High ContrastoCopy Film 
(Developed i n  D-19 for 5% minutes at 70 F) 

Frame No. Relative Exposure Transmittance Density 
Time ( seconds ) 

Frame No. 

1 
2 

3 
4 
6 
8 
11 

0.4 

0.8 
1.6 

3.2 

0.47 
0.37 
0.20 
0.03 

TABLE 5 

Development Information for Kodak Panatomicox 
(Developed i n  11-76 (1:I) for 8 minutes at 70 F) 

0.33 
0.43 
0 .TO 
1.50 

Relative Exposure Transmittance Density 
Time (seconds) 

0.1 
0.2 
0.4 
0.8 

3.2 
13.0 
100.0 

0.42 

0.37 
0.26 
0.16 
0.080 
0 .Ob7 
0,032 

0.38 
0.43 
0.58 
0.80 
1.0 

1 - 3  

1 .5  



TABWE 6 
The Effects of Bleaching Process on t h e  Number of Higher Side Order Images 
Observed from Kodak High Contrast Copy Film (35mm) Interference Gratings 

SPATIAL FREQTBNCY OF GRATIHG HIGHEST ORDER OBSERVM) 
(lines/mm) 

Ordinary Developed Grating Bleached Grating 

25 
33 
55 
79 
80 
81 
93 

132 
186 
226 
383 

23 
2 
1. 
1 
1 
1 
1 
1 
0 
0 
0 

29 
6 
4 
3 
3 
4 
3 
2 
2 
1 
1 

TABLE 7 
Nwnber of Higher Diffraction Orders Observable f r o m  Bleached Interference 
Gratings of Various Spat ia l  Frequencies Recorded at Several Exposure Times 

on Kodak High Contrast Copy Film ( 35 mtn) 
Exposure Time (seconds) 

Spat ia l  
Frequency 
(lines/mm) 1/150 1/100 1/50 1/25 1/2 3. 2 4 8 1 5  30 60 

25 
33 
79 
80 
81 
93 

132 
106 
226 
383 

9" 
6 
3 
3 
3(2)"* 
2 
2 
1 
1 
1 

6 
4 
3 
3 
4(2) 

5 
4 
2 
2 
4(2) 
3 
2 
1 
1 
1 

2 2 2 1  
1 1 1 1  

4 2 
5 1 
2 I 
2 
3(1) l(0) l ( 0 )  l ( 0 )  l ( 0 )  l (0)  l ( 0 )  l ( 0 )  l(0) 
2 
1 
1 
1 
1 

*= images occur i n  pairs  (k)  
*C'kNumbers in parentheses indicate the number of higher order images corresponding 
t o  a photographically processed (developed, stopped, f ixed) interference grating 
for comparison with images from the bleached interference grating. 





Figure 2 

ZERO ORDER ~ N T E R ~ E R ~ ~ ~  RE~ONSTRUCTED FROM D U ~ - R E F E R ~ ~ E  HOLOGRAM 

Figure 3 
a ~ ~ E R ~ ~ O ~ ~  ~ C O N S ~ R U ~ T E D  WITH PHASE OF COMPARISON BEAM SHIFTED 3 



Figure 4 

FINITE FRIEGE I ~ T E R ~ R O G ~ ~  OBSERVED WHEN Q2 IS ALTERED 

Figure 5 

F I N I T E  F’RINGE I N T E R F E R O G ~ ~  OBSERVED WHEH A CHANGE 
I N  THE VERTICAL ANGLE OF Q2 IS PEJTRODUCED 



Figure 6 

VARIATION OF THE INTENSITY OF TWO COHERENT BEAMS 
AS THEIR RELATIVE PHASE IS ALTERED 
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Figure 8 

mTHOD OF OBTAINING RANDOM NOISE PLATE 
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Figure 9 

TOTAL SIGNAL AND NOISE FROM OPTICAL FOURIER ANALYSIS OF HOLOGRAM 
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Figure 11 

IMAGE M.T.F. Versus HOLOGRAM NOISE/SIGMAL RATIO 
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Figure 1 4  

Normalized Power Distr ibut ion Function for Kodak Plus-X Pan Film Plot ted Against 
t h e  Angle the  Light Is Scattered Away from t he  Axis of t h e  Incident Light ' 
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Figure 15 

Normalized Power Distribution Function f o r  High Contrast Copy Film Plot ted Against 
t he  Angle the  Light Is Scattered Away from the  Axis of the  Incident Light 
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Figure 16 

Normalized Power Distribution Function for  Panatomic X Film Plot ted Against the  
Angle the  Light is Scattered Away From the  Axis of t he  Incident Light 
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Figure 17 

Normalized Power Distribution Function for the Types 
of Film Exposed to Approximately the Same Optical Density 
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Figure 18 

SCATTERING GEOMETRY USED TO NORMALIZE THE TOTAL RADIAWT 
POmR PASSING THROUGH AN ANNULUS OF ANGULAR WIDTH AQ 
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Figure 20 

FINITE FRINGE INTERFERENCE PATTERN SHOWING EHULSION RELIEF 
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